The crystal structures of 6-aminothiocytosine (systematic name: 4,6-diamino-1,2-dihydropyrimidine-2-thione, DAPMT, C 4 H 6 N 4 S), its hemihydrate (0.5H 2 O) and its dimethylformamide (DMF, C 3 H 7 NO) monosolvate were compared, and the influence of the type of solvent on the supramolecular motifs was analysed. In all three crystal structures, there are two symmetry-independent molecules (A and B), and these molecules are connected by three relatively short and directional hydrogen bonds to form chains of alternating A and B molecules. A further organization of these chains is dependent on the nature of the solvent molecule. In the unsolvated form, two orientations of the neighbouring chains are observed, and similar motifs -but only one per structure -can be observed in the solvated structures. These two different motifs can be connected by two different kinds of contacts, i.e. either -(hemihydrate) or staple-supported SÁ Á ÁS (DMF). In the crystal structures, the O atoms of the solvent molecules are double acceptors of the same type of hydrogen bonds and bind the chains of DAPMT molecules into different motifs (dimeric or infinite chains). A Hirshfeld fingerprint analysis was used for visualization and additional interpretation of these results.
Introduction
Thiobases (nucleic acid bases modified by oxygen to sulfur substitution) and their derivatives are attracting growing attention, mainly due to their biological activity. Some of them, such as 6-thioguanine and 6-mercaptopurine, are used as drugs in cancer treatment (Munshi et al., 2014; Drug Information 2018a,b) . Other drugs, including thiocytosine derivatives, exhibit antitumour (Kawaguchi et al., 2000) , antileukaemic (Rostkowska et al., 1993) , antimicrobial (Semenov et al., 2011) or antiviral (Beauchamp et al., 1988) activity. Moreover, thiocytosine itself has been found in E. coli tRNA (Carbon et al., 1968) . In this study, we explored the reactivity (both molecular and supramolecular) of various popular solvents on 6-aminothiocytosine (systematic name: 4,6diamino-1,2-dihydropyrimidine-2-thione, 1, DAPMT; Scheme 1), which forms complexes with triphenyltin according to our recent results and exhibits quite strong and selective anticancer properties against Leiomyiosarcoma chemo-resistant SK-LMS (Homo sapiens vulva leiomyosarcoma) cells (Grześkiewicz et al., 2017) .
The crystal structure of the pure (unsolvated) form of DAPMT has not been published so far, which -on one handis quite surprising considering the importance of this compound, but -on the other hand -is quite understandable as, for a long time, is has been commercially available almost exclusively as a hydrate. Incidentally, the crystal structure of the hydrate was published in 2012 [Zhang et al. (2012) ; Cambridge Structural Database (CSD; Groom et al., 2016 ) ISSN 2053 ISSN -2296 # 2020 International Union of Crystallography refcode CECXAL]. Interestingly, no crystal structure of 6-aminocytosine or its salts or hydrates has been deposited thus far in the CSD.
In the course of the studies described here, the hydrate has been used as a starting material in all reactions. The crystal structures of pure DAPMT (1) and its solvated form with dimethylformamide (1ÁDMF) have been determined, and all three structures (together with the known structure of the DAPMT hydrate, 1Á0.5H 2 O) display similar packing features, even though they are far from being isostructural. These similarities of the supramolecular structures, despite different solvents or even a lack of such molecules, encouraged us to look more closely at the crystal packing motifs and noncovalent interactions that were responsible for the various architectures of the crystals. Consequently, such an analysis might allow us to check the ability of certain supramolecular motifs for use in the crystal engineering of similar types of biologically relevant compounds.
Experimental
Hirshfeld surfaces and fingerprint plots were established using CrystalExplorer software (Spackman & McKinnon, 2002; Spackman & Jayatilaka, 2009 ). The critical points and energies were calculated with MoPro software (Jelsch et al., 2005) .
Synthesis and crystallization
For the preparation of 1, DAPMT monohydrate was dissolved in dimethyl sulfoxide (DMSO), heated for several minutes and left to crystallize. Pale-yellow crystals suitable for X-ray diffraction analysis appeared after a few days.
For the preparation of 1ÁDMF, DAPMT monohydrate was dissolved in dimethylformamide (DMF) and left to crystallize. Pale-yellow crystals suitable for X-ray diffraction appeared after a few days.
We also attempted to perform the crystallization using other popular solvents, such as methanol, ethanol, acetonitrile, Table 1 Experimental details.
For both structures: monoclinic, P2 1 /c, Z = 8. Experiments were carried out at 130 K with Cu K radiation using a Rigaku OD SuperNova Single source diffractometer with an Atlas detector. Absorption was corrected for by multi-scan methods (CrysAlis PRO; Rigaku OD, 2019 toluene, tetrahydrofuran, hexane, ethyl acetate and acetone; however, the solubility of DAPMT hydrate in most of the solvents (except methanol) is rather poor, which complicates the crystallization process itself. Nevertheless, in every case, crystals of the starting monohydrate were obtained.
Refinement
Crystal data, data collection, and structure refinement details are summarized in Table 1. In the structure of 1, the possibility of higher (pseudo)symmetry, i.e. Pnnm, was detected with a 100% fit of the non-H atoms within default tolerances. This possibility would necessarily be connected with disorder of the N-H ring H atom; attempts at refining such a combination (i.e. Pnnm + disorder) resulted in substantially worse models (R = 0.096). Also, the R int value for the higher symmetry, 0.238, was significantly greater than for the lower monoclinic symmetry (0.027).
Results and discussion
Figs. 1(a) and 1(b) shows the asymmetric units of the DAPMT structures 1 and 1ÁDMF, respectively, and the numbering scheme used herein (A and B denote the symmetry-independent molecules). The DAPMT thiobase molecules are rigid and, therefore, the six molecules in the structures of 1, 1Á0.5H 2 O and 1ÁDMF are very similar, as shown in the overlay in Fig. 1(c The . . . ABABAB . . . hydrogen-bonded chains formed in the three studied structures (represented by 1).
The hydrogen-bonded chains
Interestingly, all three structures contain two symmetryindependent DAPMT molecules, which might be regarded as unusual for such simple molecules because the presence of multiple molecules is generally associated with packing problems (see, for example, Steed, 2003; Anderson et al., 2011; Owczarzak et al., 2013) . In the case of 1Á0.5H 2 O, the symmetryindependent molecules are C S symmetrical (so there are two symmetry-independent halves of the molecules in the asymmetric part of the unit cell), which certainly means there is disorder in the H1 position.
In all of the title structures, the symmetry-independent molecules are joined into heteromolecular . . . ABABAB . . . chains by means of three relatively strong hydrogen bonds (according to the classification of intermolecular interactions in molecular crystals proposed by Munshi & Guru Row, 2005;  cf. Table 2) , i.e. one N1-H1Á Á ÁN3 interaction, occurring between ring N atoms, and two amine-N-HÁ Á ÁS interactions. Using graph-set notation (Bernstein et al., 1995) , the motifs in these chains can be described as (second rank) R 2 2 (8)R 2 2 (8)-C 2 2 (8)C 2 2 (12) and (third rank) C 2 2 (8), as shown in Fig. 2 . The subsequent thioamide molecules in the chains are almost identically oriented in all three structures. The dihedral angles between the mean planes of the molecules are 49.65 (6) (1), 47.26 (18) (1ÁDMF) and 50.3 (1Á0.5H 2 O).
The mutual arrangements of the hydrogen-bonded chains are also interesting. In the unsolvated form of DAPMT, two orientations of neighbouring chains are observed; they either face each other ( These two different motifs can be connected by two different kinds of interactions.
The first of these arrangements, marked as blue areas, is caused by the contact between the -electrons of two aromatic rings. These stacking interactions are practically equivalent in 1 and 1Á0.5H 2 O in terms of both their geometries and the offset of the rings (Table 3 and Fig. 4 ). Interestingly, for 1ÁDMF, the planes of the molecules are also parallel, but there is almost no overlap ( Fig. 4d , red molecules). This is an effect of the increasing rotation of the chains (180 in 1ÁDMF in comparison to 140 in 1).
Although in the case of 1ÁDMF, the shift of the ring is much greater due to the distance between the rings (Table 3) , the orientation of the molecules involved in the stacking interaction is the same in all three compounds. However, in comparing all three, DAPMT molecules are related by the centre of symmetry.
The second motif, present in the crystal structures of both 1 and 1ÁDMF, is caused by short SÁ Á ÁS contacts ( Fig. 5 ). SÁ Á ÁS contacts are quite common for thioamides and usually exist in an antiparallel orientation (i.e. appropriate C-SÁ Á ÁS-C provides an improper torsion angle of approximately 180 ). Recently, it has been postulated that such contacts are usually not attractive and that their geometry is a consequence of the assistance of so-called 'staple' molecule(s) (Owczarzak et al., 2019) . In the case of the structures described here, the SÁ Á ÁS contacts are rather long (at the very edge of the sum of van der Waals radii), with a value of 3.542 (1) Å in 1 and 3.517 (2) Å in 1ÁDMF.
While in 1ÁDMF the mutual arrangement of DAPMT molecules is typical (C-SÁ Á ÁS-C torsion angle = 180 and 1 À 2 ' 0 , which means a typical, but not directional, contact), in 1 it is a rather uncommon torsion [106 (2) ], which may suggest the directionality of the contact [ 1 À 2 = 37 (2) ]. Nonetheless, it is not reflected in the energy of the contact (defined as E = 1 2 V cp , where V cp is the potential energy density; Espinosa et al., 1998) : in 1, this energy is 5.15 kJ mol À1 Bohr À3 , while in 1ÁDMF it is 5.43 kJ mol À1 Bohr À3 , thus suggesting that it is not a consequence of the attractive interaction but rather merely a result of crystal packing. This is also true in the case of 1, in which there are 'staple' molecules between the S atoms involved in contact, which turns out to be the next DAPMT molecule of the . . . ABAB . . . chain (Fig. 5a ). In the case of 1ÁDMF, due to the presence of DMF, the rotation angle between the two . . . ABAB . . . chains is larger than in 1. This, in turn, causes the impossibility of a similar 'staple' configuration. However, the same effect is observed because this Table 2 Hydrogen-bond data (Å , ).
The electron density at the critical point () is given in e Å À3 , the Laplacian at the critical point (r) is given in e Å À5 and energy (E) is defined as 1 2 V cp , where V cp is the potential energy density in kJ mol À1 Bohr À3 . (2) 3.007 (2) 
Figure 5
The SÁ Á ÁS and other contacts in (a) 1 and (b) 1ÁDMF. Note the role of staple molecules (for details, see text).
time the DMF molecule provides an extended staple stabilization ( Fig. 5b ). This type of stabilization has been found in other SÁ Á ÁS contacts in thioamides, usually involving solvent molecules. Notably, the two staple molecules must be strongly bonded to each other, usually by strong or medium-strength hydrogen bonds (e.g. Gaye et al., 2009; Nair et al., 2014; Suresh Kumar et al., 2015) . The hydrogen-bond patterns in 1ÁDMF (red) and 1Á0.5H 2 O (light blue).
Role of the solvent

Figure 7
Hirshfeld fingerprint plots of DAPMT and its solvates, bonds (Table 2) . In each case, the solvent molecules bind to the chains of DAPMT molecules. In the structure of 1ÁDMF, two such chains are joined in the [010] direction, forming a two-dimensional network in the (001) plane. In the structure of 1Á0.5 H 2 O, chains are joined into a three-dimensional network via hydrogen bonds, which are stronger involving the H 2 O solvent and weaker N-HÁ Á ÁN hydrogen bonds involving the NH 2 nitrogen. It seems that these three interactions (hydrogen bonding, stacking and staple stabilization based on weak hydrogen bonds) are mainly responsible for the packing of DAPMT and its solvates.
Hirshfeld fingerprint analysis
Similar packing features should be observable in the Hirshfeld fingerprint plots (Fig. 7) because they correspond to the contacts in which the molecule is involved.
As predicted above, the fingerprints show many similar features. All of them have sharp spikes in accepting and donating areas that correspond to the N-HÁ Á ÁS contact (outside narrow peaks at approximately d e = 1.5/0.8, d i = 0.8/ 1.5 Å ) and N-HÁ Á ÁN contact (d e = 1.2/0.8, d i = 0.8/1.2 Å ). Moreover, for the solvent molecule in the donor area, there is an additional strong signal at approximately d e = 1.18 Å , which matches that of an N-HÁ Á ÁO hydrogen bond. Furthermore, the central area of the fingerprint d e/i = 1.8 Å for one of the DAPMT molecules displays a light-blue/green area, which is associated with stacking interactions, as well as SÁ Á ÁS contacts and N-HÁ Á Álp interactions (lp is lone pair). Analysing the second DAPMT molecule, it is observed that all the mentioned weak interactions are present, but that the intensity of the mentioned signal is greater than that for the solvated compounds. It is clearly visible that this area in 1 and the hydrate are more alike than are 1 and 1ÁDMF, which is understandable; the stacking in 1ÁDMF is much weaker (if it is present at all) and N-HÁ Á Álp(N) interactions are not present. It is also worth noting that in 1, all of the mentioned contacts 'belong' to the same symmetry-independent molecule, in contrast to 1ÁDMF, in which the contacts are split between both molecules. The other common feature is observed between the solvates of DAPMT for the acceptor area in the bottom-right corner, where there is a definite concentration of points that correspond mostly to weak hydrogen-bond interactions with S atoms or -atoms acting as acceptors.
Conclusions
The same principal intermolecular motifs, i.e. triple-hydrogenbonded chains of an alternating sequence of two symmetryindependent molecules, have been found in the structures of DAPMT and its two solvates. In all three structures, the DAPMT molecule forms infinite chains along the [100] direction. Additionally, in the case of the solvates, similar hydrogen-bonded chains are formed. Furthermore, a mutual arrangement of DAPMT hydrogen-bonded chains shows an analogous orientation, supported mainly by stacking or staple stabilization of SÁ Á ÁS contacts. All the solvent molecules act as acceptors of the same bifurcated hydrogen bonds, which increases the similarities in the crystal packing arrangements of all presented structures. This may lead to the conclusion that the hydrogen-bonded chain is already formed in solution and that the molecular organization only partially depends on the solvent used in the reaction. This is supported by the fact that similar packing motifs with respect to the chains by means of three hydrogen bonds is also present in the structures of two similar compounds, i.e. thiocytosine (Furberg & Jensen, 1970) and 5-methyl-2-thiocytosine hemihydrate (Ravichandran et al., 1985) . (Farrugia, 2012) ; software used to prepare material for publication: SHELXL2013 (Sheldrick, 2015b) .
Funding information
4,6-Diamino-1,2-dihydropyrimidine-2-thione (1)
Crystal data 
Special details
Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes. Refinement. X-ray diffraction data were collected on a Rigaku OD four-circle Supernova diffractometer using monochromatic CuK α radiation (λ = 1.54178 Å). The temperature was controlled with an Oxford Instruments Cryosystem device. The data were corrected for absorption (multi-scan) (Rigaku OD, 2018) . Accurate unit-cell parameters were determined by a least-squares fit of the reflections of the highest intensity, which were chosen from the whole experiment. The calculations were mainly performed within the WinGX program system (Farrugia, 2012) and OLEX2 (Dolomanov et al., 2009) . The structures were solved with SHELXT (Sheldrick, 2015a)/SIR92 (Altomare et al., 1993) .
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å 2 )
x y z U iso */U eq N1A 0.3943 (2) 0.38250 (16) (6) C4A 0.0298 (9) 0.0376 (9) 0.0384 (9) 0.0007 (7) 0.0207 (8) −0.0002 (7) N4A 0.0382 (10) 0.0642 (13) 0.0754 (14) 0.0178 (9) 0.0377 (10) 0.0284 (11) C5A 0.0333 (9) 0.0373 (9) 0.0393 (10) 0.0010 (7) 0.0222 (8) 0.0035 (8) C6A 0.0332 (9) 0.0382 (9) 0.0343 (9) −0.0037 (7) 0.0226 (8) −0.0012 (7) N6A 0.0455 (10) 0.0579 (11) 0.0586 (11) 0.0066 (9) 0.0392 (10) 0.0179 (9) N1B 0.0254 (7) 0.0434 (8) 0.0290 (7) −0.0003 (6) 0.0186 (6) −0.0016 (6) C2B 0.0276 (8) 0.0343 (9) 0.0301 (9) −0.0013 (6) 0.0179 (7) −0.0021 (6) S2B 0.0279 (2) 0.0592 (3) 0.0271 (2) −0.00483 (18) 0.0164 (2) −0.00578 (18) N3B 0.0268 (7) 0.0424 (8) 0.0299 (7) −0.0020 (6) 0.0192 (6) −0.0011 (6) C4B 0.0332 (9) 0.0346 (9) 0.0300 (8) 0.0002 (7) 0.0212 (8) 0.0014 (7) N4B 0.0373 (10) 0.0689 (12) 0.0320 (9) −0.0046 (8) 0.0247 (8) −0.0011 (8) C5B 0.0295 (9) 0.0405 (9) 0.0257 (8) 0.0013 (7) 0.0157 (7) 0.0014 (7) where P = (F o 2 + 2F c 2 )/3 (Δ/σ) max < 0.001 Δρ max = 0.93 e Å −3 Δρ min = −0.46 e Å −3 Special details Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes. Refinement. X-ray diffraction data were collected on a Rigaku OD four-circle Supernova diffractometer using monochromatic CuK α radiation (λ = 1.54178 Å). The temperature was controlled with an Oxford Instruments Cryosystem device. The data were corrected for absorption (multi-scan) (Rigaku OD, 2018) . Accurate unit-cell parameters were determined by a least-squares fit of the reflections of the highest intensity, which were chosen from the whole experiment. The calculations were mainly performed within the WinGX program system (Farrugia, 2012) and OLEX2 (Dolomanov et al., 2009) . The structures were solved with SHELXT (Sheldrick, 2015a)/SIR92 (Altomare et al., 1993) .
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å 2 ) (6) N1D-C1D 1.336 (7) N1B-C2B 1.393 (6) N1D-C12D 1.444 (7) N1B-H1B 0.8800 N1D-C11D 1.448 (7) C2B-N3B 1.340 (6) C1D-O1D 1.221 (6) C2B-S2B 1.694 (5) C1D-H1D 0.9500 N3B-C4B 1.360 (6) C11D-H11D 0.9800 C4B-N4B 1.340 (6) C11D-H11E 0.9800 C4B-C5B 1.401 (6) C11D-H11F 0.9800 N4B-H4B1 0.8800 C12D-H12D 0.9800 N4B-H4B2 0.8800 C12D-H12E 0.9800 C5B-C6B 1.385 (6) C12D-H12F 0.9800
